We probe the dynamic nature of driven vortex motion in superconductors with a new type of transport experiment. An inhomogeneous Lorentz driving force is applied to the sample, inducing vortex velocity gradients that distinguish the hydrodynamic motion of the vortex liquid from the elastic and-plastic motion of the vortex solid. We observe elastic depinning of the vortex lattice at the critical current, and shear induced plastic slip of the lattice at high Lorentz force gradients. 
Introduction
The melting of the vortex solid to a liquid is one of the most basic phenomena in high temperature superconductivity. This fimdamental phase chmge from order to disorder induces novel behavior in the structural, electrodynamics, and thermal properties of superconductors. The phase transition itself has many fascinating aspects, including fist and second order thermodynamic character, upper and lower critical points, an associated peak effect in the critical current, strong angular dependence, and sensitivity to pinning disorder. (For reviews, see Refs. 1-5.) Strong interest in the nature of melting has stimulated creative experiments on the resistivity,6-lz magnetization,13-lT and heat capacity18-23 at the transition. These experiments provide valuable information on the thermodynamic properties of melting, and on the dramatic differences in pinning strengths and critical currents of the solid and liquid vortex phases.
There are equally interesting dynamic properties associated with the vortex phases. In the liquid state, vortices are free to move past each other in response to variations in the driving and pinning forces they experience. The resulting motion is hydrodynamic, where the velocity profiie changes continuously on the scale of the intervortex distance. Hydrodynamic motion be described by differential equations which provide a complete picture of the velocity distribution if the driving force and boundary conditions are known.2~26 In the solid vortex can states, however, elastic bonds between vortices prevent vortices horn moving past each other.27 If the bonds do not break, the vortex system moves as a single elastic object with one average velocity for all vortices. If shear forces are large enough to break the elastic bonds, planes or surfaces of plastic slip are introduced where the velocity profde changes abruptly. The elastic character of the moving solid is the fundamental feature distinguishing it from the hydrodynamic motion of the liquid. The elastic shear modulus of the solid resists an applied shear stress by constraining neighboring vortices to move at the same velocity, while the liquid accommodates an applied shear by allowing neighboring vortices to move at different velocities.
Conventional transport experiments where the vortex system is driven with a spatially uniform Lorentz force are only weakly sensitive to the differences between liquid and solid motion. In the absence of pinning, the liquid and solid move with uniform velocity and their differing response to shear forces ylays no role in the motion. Pinning disorder introduces shear forces and velocity profiles that in principle could distinguish liquids from solids. However, the velocity differences are averaged out on the scale of the pinning disorder, typically well below the spatial resolution of transport experiments.
In this article, we describe anew class of transport experiments where the vortex system is driven with an inhomogeneous Lorentz force.28 The response of the vortex system to the gradient in the applied driving force reveals the fundamental signatures of liquid and solid motion. We demonstrate a qualitative change in the character of the motion at the vortex melting transition, and we show explicitly that the moving vortex lattice maintains dynamic coherence over distances of order the sample size. We use a high driving force gradient to introduce plastic slip surfaces into the moving lattice and we seethe number of slip surfaces increase with the strength of the applied shear stress.
Controlled Gradient Transport
Our experiments are carried out in the disk geometry illustrated~tie tiset of Figure 1 . Current is injected at the center of the disk and removed at the circumference throughgold electrodes evaporated onto the sample. In this geometry the current flows in the radial direction, with inhomogeneous magnitude J(r)= IY(2zr t), where t is the sample thickness. The Lorentz force due to this current drives vortices azimuthally in circular orbits around the disk. Vortices in these orbits never encounter the sample surface, ensuring that the measured transport properties reflect only bulk vortex behavior unaffected by entry and exit effects, Bean Livingston barriers, or surface pinning. The inhomogeneous current distribution produces a Lorentz force gradient varying as l/r2. This gradient introduces a spatially varying shear stress which probes the dynamic response of the liquid and solid phases.
Our experiments were carried out on untwinned YBa2Cu30X crystals carefully polished into disk geometries, of diameter approximately 700pm and thickness 10 pm. Voltage leads were placed along a radius of the sample at intervals of approximately 60~from the center current electrode and from each other, as indicated in the inset of Figure 1 . Transport measurements were made with standard ac and dc methods. Further details of the experiment maybe found in Ref. 28 .
Normal Metallic State
The upper panel of Figure 1 shows the voltage measured between pairs of voltage leads as a function of temperature at zero field in the normal state below 240 K. The voltages decrease with increasing radius, reflecting the decreasing current density in the disk geometry. In the normal state with Ohmic resistivity p = E/J, the voltage as a function of radius is given by
The voltages scaled,by the logarithmic term on the right should collapse onto a single line characteristic of the resistivity. The lower panel of Figure 1 shows the scaled voltages. Their collapse to a single line confii that the current density falls off like l/r as expected for the disk geometry.
Vortex Liquid State
In the superconducting state in finite field, the transport voltage arises from the motion of vortices driven by the Lorentz force. Here the electric field is not directly related to the current density as in the normal state. Instead, the electric field is governed by the vortex velocity through
The vortex velocity, in turn, is determined by the balance between the Lorentz driving force and the pinning forces opposing the motion. In the liquid state, the velocity is given by the solution "tothe hydrodynamic equation
where q is the shear viscosity and y the dynamic friction opposing the vortex motion. The solution of the hydrodynamic equation for the disk geometry is given by Marchetti and Nelson.z6 They discuss a method of measuring the dynamic correlation length from the velocity profde in the vicinity of a no-slip boundary condition as might be imposed by the sample edge or an extended pinning structure. Here we consider the free response of the vortex liquid far from any boundary conditions. In this region, a I/r driving current induces a M velocity profde. Physically this means that the velocity of the liquid follows the local driving force. The liquid filly accommodates the applied shear force by adjusting its velocity accordingly. This fundamental property of hydrodynamic motion can be directly observed in our experiment.
The electric field induced by the vortex motion in the liquid is E(r) = B v(r)/c = (B@/yc2)J(r) = pf J(r), where pf is the flux flow resistivity. This is the same form as for the normal state, with the Ohmic resistivity replaced by the flux flow resistivity. Thus hydrodynamic scaling follows Eq.
(1) with p replaced by pfi
The upper panel of Figure 2 shows the measured voltages in the vortex liquid state, as a function of temperature for applied fields of zero and 4 T. The voltages decrease with radius, indicating that the vortices circulate at lower velocity as the radius increases. The lower panel of Figure 2 shows the same voltages scaled according to Eq. (1) and expressed as flux flow resistivity. The three curves collapse to a single curve, demonstrating the long range l/r velocity profde characteristic of hydrodynamic motion of the liquid.
Vortex Lattice State
In the vortex lattice, the shear viscosity of the liquid is replaced by shear elasticity. The elastic bonds between neighboring vortices require them to move with the same velocity as long as the bonds remain intact. Velocity changes can occur, however, by plastic shear where the elastic bonds between neighboring vortices are broken. Thus the smooth variation of the velocity on the scale of intervortex distances is eliminated and the motion is no longer hydrodynamic. The change from hydrodynamic flow to solid-like flow appears in the experiment as a failure of the hydrodynamic scaling. This is shown in the upper panel of Figure 3 , where the measured voltages are shown in the vicinity of the melting point. Just below the melting point TM there is a break in the curves (marked by an arrow in Figure 3 ) indicating a slowdown in the vortex velocity as the shear elasticity of the lattice enhances its pinning effectiveness. Below this break the three curves begin to approach each other, eventually crossing in pairs. At lower temperatures, the order of the curves is reversed, with the outer vortices traveling faster than the inner ones. This order is opposite to that of the liquid phase and it cannot be described by hydrodynamic motion.
5
The nature of the motion in the lattice phase is revealed in the lower panel of Figure 3 . Here the measured voltages are scaled according to elastic rotation. If the lattice rotates elastically, the velocity of any vortex is linearly proportional to its radius and the rate of rotation, v(r)= cor. Then the electric field is E(r)= Bcor/c, and the voltage between taps is given by
The lower panel of Figure 3 shows the voltages scaled by Eq. (4) and plotted as the angular velocity co. At the break in the curves just below TM, the angular velocity of the lattice sampled by the three sets of voltage taps begins to equalize. This marks the termination of hydrodynamic flow with its I/r velocity scaling, and the onset of plastic flow. At lower temperature, the three curves collapse to a single curve. Here the lattice rotates elastically with a single angular velocity. The degree of dynamic correlation in this regime is remarkable-the dynamic correlation length exceeds the distance between the innermost and outermost voltage taps. The velocity correlation is macroscopic, of order the size of the sample.
In the temperature imge between the hydrodynamic and elastic motion, there is an interesting region of plastic motion reflecting the influence of the shear elasticity of the lattice. Here there is a competition between the shear modulus of the lattice favoring a constant angular velocity and the shear component of the Lorentz force favoring faster rotation of the inner vortices over the outer ones. Neither has sufficient strength to dominate the other, with the result that the lattice moves at short range in elastic flow interrupted by plastic slip surfaces which relieve the applied shear stress over large distances. As the temperature decreases and the rotation slows down, the shear elasticity of the lattice gradually overcomes the applied shear stress, and the dynamic correlation length grows until the entire lattice rotates as a single elastic object.
The nature of plastic motion in the rotating lattice can be seen by following the rotational velocities as measured by the inner, center, and outer sets of voltage taps as the driving shear stress is increased. Figure 4 shows I-V curves for the three pairs of voltage taps plotted as angular velocity at two temperatures in an applied magnetic field of 5 T. Below the critical current, the lattice is stationary. At the critical current, vortices depin and begin to move in circular orbits. The depinning process itself is interesting in this crystal. Figure 4 shows that the lattice rotates elastically immediately on depinning, as indicated by the single angular velocity sampled by all three pairs of voltage taps. Conventional transport experiments cannot distinguish between this kind of elastic depinning and the more familiar plastic depinning where the weakly pinned vortices begin to move while the strongly pinned ones remain at rest.
In elastic rotation the lattice is under shear stress since the driving force distribution varying as I/r is out of balance with the velocity distribution varying as r. This shear stress is accommodated by elastic distortions in the rotating lattice. As the driving current increases, the shear stress also increases, until it exceeds the elastic limit of the shear modulus. At this point the shear stress is relieved by plastic slip in the lattice at a f~ed radius, and the entire lattice no longer rotates with a single angular velocity. This effect can be seen in Figure 4 , where the angular velocities sampled by the three voltage taps separate as indicated by arrows. The inner section of the lattice is the f~st to shear, as the angular velocity sampled by the inner taps rises 6 above the others. The faster rotation of the inner section is consistent with the larger driving force there, and it partially relieves the shear stress in the rotating lattice. At this point plastic slip has occurred only in the innermost section, with the outer two sections rotating elastically with a common angular velocity. As the gradient of the driving force continues to increase, 'plastic slip interrupts the coherent motion of the center and outermost sections, as indicated by the second arrow in Figure 4 . These data reveal the onset and evolution of plastic motion under increasing shear stress. The lattice separates into concentric rings, each rotating with successively slower angular velocity as the radius increases. As the shear stress increases, more fault lines are introduced into the lattice, reducing the radial dynamic correlation length at each step.
The transformation of elastic flow to plastic flow by the introduction of slip lines can be visualized on the driving force-temperature phase diagram of Figure 5 . Here the regions of pinned solid, elastic rotation, and shear induced slip at 5 T as a function of temperature and driving force are shown. The critical current as a fimction of temperature defines the boundary between the pinned solid and elastic rotation. At higher driving force the fwst observable shear induced slip occurs between the inner set of taps and the center and outer sets of taps, indicated by the fust arrow in Figure 4 . The middle line in Figure 5 shows the temperatures and driving forces where this slip occurs at 5 T. The highest lying line indicates the onset of slip between the center and outer sets of voltage taps. The critical currents for depinning and the onset of plastic shear all approach zero at the melting temperature. Here the shear modulus of the lattice disappears, the motion becomes hydrodynamic, and the velocity adjusts to the driving force gradient on the intervortex length scale.
One interesting question is the nature of the transition from solid to liquid in the presence of strong shear induced slip. As the applied shear stress increases the lattice adjusts by increasing the radial density of plastic slip lines. The physical limit for this process is one slip line per radial intervortex spacing, allowing velocity changes on the same length scale as in hydrodynamic motion. The difference betieen this high density plastic slip and hydrodynamic flow is an interesting basic question.
Summary
We describe a new type of transport experiment where an inhomogeneous current density is applied to the sample to produce a gradient in the Lorentz driving force. The vortex velocity profdes induced by the driving force gradient reveal fundamental features of the dynamics of the driven motion. The measured velocity profdes distinguish hydrodynamic motion of the vortex liquid from elastic and plastic motion of the solid. Elastic depinning of the vortex lattice at the critical current is observed, implying that the elastic bonds between vortices dominate the random pinning forces in our crystal. By controlling the driving force and its gradien~we regulate the number of shear-induced plastic slip lines in the moving lattice. The various pinned, plastic, and elastic dynamic states of the vortex lattice and hydrodynamic flow of the liquid are visualized on a driving force-temperature phase diagram.
The controlled gradient transport experiment described above offers new opportunities to explore the basic features of the vortex phases in superconductors. We have examined the responses of ,.
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